1. Introduction {#s0005}
===============

SARS-CoV-2, a coronavirus first identified at the end of 2019, is responsible for the most serious pandemic of the last 100 years that, as of this writing, has caused more than 2 million documented cases and, most likely, over 20 million infections when subclinical disease is included. It is well documented that the infection most commonly originates in the head and neck region with both nasopharyngeal and oral swabs being used for diagnosis of viral RNA either by qRTPCR or next generation sequencing (NGS). Although there is some disparity in the literature, it is generally agreed that nasopharyngeal swabs are superior to oral swabs for diagnostic purposes \[[@bb0005], [@bb0010], [@bb0015]\]. It has also been documented that people with mild symptoms can be positive for viral RNA that can persist for weeks \[[@bb0015]\]. One pitfall of the tests for the SARS-CoV-2 RNA is that they cannot determine if the virus is infectious; this would require demonstration of viral RNA and the protein coat which includes the spike protein, which attaches to the cell receptor, and the envelope protein, which serves as support for the spike protein \[[@bb0020]\].

The histopathology of severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), both also due to coronaviruses, includes infection of the upper and lower respiratory tracts. However, in SARS and MERS, the primary cell target of the virus in the lung is the alveolar pneumocyte (type I and type II) which induces a strong cytokine response that includes IL6, TNF alpha, IL-1B and CCL2 \[[@bb0020]\]. The end result for 10% and 35% of infected people, respectively, is death associated with acute respiratory distress syndrome with its characteristic hyaline membrane disease \[[@bb0020]\]. Early data on the histopathology of COVID-19 suggests that the respiratory tract is indeed the primary entry/site of serious disease but that the target cell in the lung is the alveolar macrophage and endothelial cell; infection of the latter induces a fatal microangiopathy marked by activation of the complement cascade \[[@bb0025]\].

A major issue regarding the diagnosis of SARS-CoV-2 is the acute shortage of many essential ingredients for performing the standard tests from nasopharyngeal swabs (qRTPCR and NGS) \[[@bb0005]\]. These currently used tests for viral RNA cannot show the cell type(s) that are viral targets or if the infection is productive. We explored whether formalin fixed cytology smears prepared from the oral cavity or nasopharynx could be used to detect active coronavirus infection using standard immunohistochemistry and in situ based methods, much like human papillomavirus can be detected in Pap smears.

2. Materials and methods {#s0010}
========================

2.1. Patient selection and sample preparation {#s0015}
---------------------------------------------

Standard nasopharyngeal and oral swabs were prepared from ten people being tested for SARS-CoV-2RNA using a standard qRTPCR test. Three of the people had reported mild symptoms (low-grade fever up to 100F, mild cough, mild fatigue) that lasted from 1 to 3 days. The other people had possible exposure to SARS-CoV-2 infected people, though in no case was contact with a verified infected person documented. Four swabs of each region were done per site, then spread on four unstained PLUS slides, and air-dried for 30 min. Then the slides were placed in 10% buffered formalin overnight, washed in distilled water, and air-dried. One swab/site was stained with hematoxylin and eosin for cytologic analysis. The other three slides were used for molecular/viral testing. One additional swab was taken/site, and placed in the viral collection media for standard qRTPCR testing.

2.2. Cytology review {#s0020}
--------------------

Cytology review of the hematoxylin and eosin stains was done blinded to the viral results. A nasopharyngeal swab was considered satisfactory if at least 25 glandular cells were evident per slide. Each slide was scored for the following variables: squamous cell atypia, inflammation (degree, and cell types), amount of mucous, glandular cell degeneration which was defined either as cellular swelling, nuclear degeneration, or loss of integrity of the cellular membrane.

2.3. Immunohistochemistry {#s0025}
-------------------------

All testing was done blinded to the qRTPCR data. Four slides per patient (two oral, two from the nasopharynx) were tested for the envelope and spike proteins of SARS-CoV-2, respectively for a total of 40 slides. The protocol was based on prior published studies \[[@bb0030], [@bb0035], [@bb0040]\]. In brief, the primary antibodies versus the spike and envelope proteins were provided by ProSci (Poway, CA). The optimal pretreatment conditions included antigen retrieval for 30 min with an EDTA buffer (pH 9.0), incubation of the primary antibody for 30 min, and use of the horseradish peroxidase -- anti-rabbit conjugate from Enzo Life Sciences as this reduced background \[[@bb0035]\]. Optimal dilutions of the spike and envelope antibodies were 1:5000 and 1:500, respectively,

2.4. In situ hybridization {#s0030}
--------------------------

In situ hybridization was done using our published protocol for RNA viruses based on the RNAscope assay of ACD, which provided the SARS-CoV-2 RNA probe \[[@bb0030],[@bb0040]\]. In brief, pretreatment included peroxide block, target retrieval for 15 min, protease digestion for 10 min, hybridization overnight, and detection following the manufacturer\'s protocol. Lung tissue from two different people who died of respiratory failure from COVID-19 and normal lung obtained from cases prior to 2018 were used as the positive and negative controls, respectively, for both the immunohistochemistry and in situ hybridization.

2.5. Co-expression analysis {#s0035}
---------------------------

Co-expression analyses were done using the Nuance system (CRI) as previously published \[[@bb0030],[@bb0040]\]. In brief, a given tissue was tested for two different antigens using fast red as the chromogen for one target followed by immunohistochemistry using DAB (brown) as the second chromogen with hematoxylin as the counterstain. The results were then analyzed by the Nuance system where each chromogenic signal is separated, converted to a fluorescence based signal, then mixed to determine what percentage of cells were expressing the two proteins of interest.

3. Results {#s0040}
==========

3.1. qRTPCR data and cytology review {#s0045}
------------------------------------

Testing by qRTPCR identified three of the people to be SARS-CoV-2 positive and the other seven to be negative for viral RNA. Thus, we had three cases and seven controls. The hematoxylin and eosin stains of the 20 slides (10 oral and 10 nasopharyngeal) were reviewed blinded to the virology data. Each of the nasopharyngeal swabs contained at least 25 glandular cells and was deemed satisfactory; many of these swabs had many more glandular cells. The glandular cells in the seven controls were well preserved, being tall cells with basal nuclei of moderate chromaticity ([Fig. 1](#f0005){ref-type="fig"}A); delicate cilia were evident. In two of the seven controls clusters of inflammatory cells, mostly neutrophils, formed aggregates that tended to trap the glandular cells that hindered but did not prevent interpretation ([Fig. 1](#f0005){ref-type="fig"}B). Each of these people had long-standing history of allergic rhinitis and nasal polyps. The oral swabs in each of the seven controls and three cases showed many squamous cells, many anucleated, with no evidence of atypia. The three nasopharyngeal swabs from the three cases showed similar findings. The squamous cells were unremarkable. The glandular cells showed marked degenerative changes that included loss of cilia, pyknotic nuclei, loss of nuclei, cytoplasmic swelling, and cell membrane rupture ([Fig. 1](#f0005){ref-type="fig"}C--F). Viral inclusions, either nuclear or cytoplasmic, were not evident.Fig. 1Cytologic findings in nasopharyngeal swab cell preparations from cases and controls. Panel A shows the typical findings in the nasopharyngeal swab prep from a person negative for SARS-CoV-2. Note the tall glandular cells with basal nuclei. Panel B shows the uncommon finding that collections of inflammatory cells may obscure the glandular cells. Panels C--E and cytologic preps from the nasopharynx from the cases. Note the degenerated glandular cells (arrow, panel C; circle, panel E) where many glandular cells have lost their nuclei and others show pyknotic nuclei (panel F, arrow).Fig. 1

3.2. Immunohistochemistry analysis for the SARS-CoV-2 spike and envelope proteins {#s0050}
---------------------------------------------------------------------------------

Next, two slides each from each oral and nasopharyngeal swabs were tested for the spike and envelope proteins of SARS-CoV-2, respectively, blinded to the qRTPCR data. Both the spike and envelope protein produced a signal in the nasopharyngeal swabs of the three cases and no signal was evident in the nasopharyngeal swabs of the seven controls. [Fig. 2](#f0010){ref-type="fig"}A shows representative cytology from one of the positive nasopharyngeal swabs where squamous cells (arrows) and degenerated glandular cells (box) often co-existed. Viral protein localized only to the glandular cells. Although often clear on the cytology alone, to further document the localization of SARS-CoV-2 proteins to glandular cells, co-expression was done with the protein epithelial membrane antigen (EMA). Analyses of cervical and nasopharyngeal biopsies showed that EMA localized to mature glandular cells plus metaplastic cells and not mature squamous cells ([Fig. 3](#f0015){ref-type="fig"}H). Co-expression analyze for the spike protein of SARS-CoV-2 and EMA showed strong co-localization ([Fig. 2](#f0010){ref-type="fig"}, B--E). To further demonstrate the specificity of the immunohistochemistry reaction, co-expression for SARS-CoV-2 spike and envelope proteins was performed. Strong co-localization was demonstrated ([Fig. 2](#f0010){ref-type="fig"}, panels F, G). The other indicator that the SARS-CoV-2 was infecting only glandular cells, besides the cytologic data ([Fig. 1](#f0005){ref-type="fig"}), was that each of the oral swabs (three cases and seven controls) was negative for both SARS-CoV-2 proteins ([Fig. 2](#f0010){ref-type="fig"}H). It was also demonstrated that the ACE 2 protein, the receptor for SARS-CoV-2 spike protein, localized to the glandular cell, often concentrating towards the cilia ([Fig. 3](#f0015){ref-type="fig"}G).Fig. 2Detection of SARS-CoV-2 proteins in nasopharyngeal swab cell preparations. A Hematoxylin and eosin stain demonstrates the large, flat pink squamous cells (arrows) and the more elongate grey glandular cells (box) (Panel A). An intense signal for covid-19 spike protein was seen in the glandular cells and not the squamous cells (panel B; signal brown due to DAB). Cilia were rarely seen in infected cells (ciliocytophthoria). The strong signal indicates high viral copy number that facilitates immunohistochemistry detection. Co-expression for epithelial membrane antigen (panel C, signal red) and spike protein (panel D, signal green) documented that signal was in glandular cells (panel E, merged signal yellow). Co-expression of spike and envelope proteins of SARS-CoV-2 (panel F, RGB image) documented localization of each protein to glandular cells with negative squamous cells two weeks after full recovery (panel G, signal yellow). No signal was seen in oral swabs of positive cases (panel H). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2Fig. 3Detection of SARS-CoV-2 in nasopharyngeal swab cell preparations. SARS-CoV-2 RNA was detected in the nasopharyngeal swabs from the cases near the onset of symptoms (panel A, arrow); note the marked degenerative changes in some of the infected cells (panel B); the signal is brown (DAB) with hematoxylin counterstain. Panel C shows the positive control that was SARS-CoV-2 RNA detected in the lung of a person who died of the infection; note the high viral load. Panels D/E show co-expression of viral RNA and activated caspase-3. Note that the viral RNA (green) and caspase 3 (red) co-localize (Panel E, yellow). Panel F shows some SARS-CoV-2 infected cells, albeit with lower viral load, were evident 2 weeks after the initial swabs (panel F, signal is red with hematoxylin counterstain). Panel G shows the nasopharyngeal swab from the person in panel A tested 4 weeks after symptom onset for ACE2 protein. Note that the protein tends to localize towards the apical surface (arrow) and that the cells are now cytologically normal. Panel H shows the lack of EMA detection in mature squamous epithelia of the oral cavity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

3.3. In situ analysis for the SARS-CoV-2 RNA and serial testing for the virus {#s0055}
-----------------------------------------------------------------------------

Next, one slide from the nasopharyngeal swabs were tested for SARS-CoV-2 RNA by in situ hybridization again blinded to the qRTPCR data. The three cases showed many positive cells (more than 10 positive cells/sample that was also true for the immunohistochemistry and the seven controls were each negative. The background staining was very low with the SARS-CoV-2 in situ hybridization test and tended to be higher for the spike protein immunohistochemistry, where occasional squamous cells showed nonspecific binding. The viral RNA localized to the glandular cells ([Fig. 3](#f0015){ref-type="fig"}, panels A/B) in cells that were at times strongly degenerated. Panel C shows the positive control where high viral load was noted in the alveolar septa of a patient who died of COVID-19 pneumonia. To document that the SARS-CoV-2 infected cells were degenerated and, likely apoptotic, co-expression was done for viral RNA and activated caspase 3. The data from these experiments demonstrated that about 20% of the infected cells had activated caspase 3 ([Fig. 3](#f0015){ref-type="fig"}, panels D/E).

Finally, serial weekly nasopharyngeal swabs were available from two of the cases over a 4-week period. The nonspecific changes of glandular cell degeneration were still evident 1--2 weeks after the initial swab ([Fig. 1](#f0005){ref-type="fig"}, panel F). Viral RNA and envelope protein were still evident at 1 week and 2 weeks after the initial swab, respectively ([Fig. 3](#f0015){ref-type="fig"}, panel F) though the amount of virus was much less than at the initial swab. Note that the viral signal localized to the area of the terminal plate of the cilia.

4. Discussion {#s0060}
=============

The main findings of this study were twofold: 1) the in situ based SARS-CoV-2 testing of the nasopharyngeal and oral swabs identifies the viral cell target which is the glandular cell of the nasal passages. This gives cytologic clarity to the repeated demonstration that the nasopharyngeal swab is superior to the oral swab for viral detection by qRTPCR of NGS \[[@bb0010],[@bb0015]\] and also suggests that nasal secretions and sneezing are likely the most infectious though, of course, post nasal drainage would also make the oral secretions infectious. 2) SARS-CoV-2 infection of the glandular cells is high copy and lytic which clearly facilitates viral transmission. Another finding of this study is that infectious virus, defined by detection of both viral RNA and key SARS-CoV-2 proteins, is still evident up to two weeks after mild symptoms are no longer present, giving a pathologic basis to the demonstration that asymptomatic people can be infectious \[[@bb0015]\]. Our data also elucidates why disorders of smell are typical of COVID-19 disease since glandular cells in the nasal cavity play a key role in this process \[[@bb0015]\].

There are many publications where nasopharyngeal swabs are used for detection of viral and bacterial infections \[[@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065], [@bb0070], [@bb0075]\]. Clearly, this reflects the fact that many infections start in the nasal passageways. However, basically all of these studies lyse all of the cells and then do solution-based testing for viral proteins or RNA/DNA. There are very few papers that describe the cytological changes associated with the viral infections of the nasopharynx. This may reflect, in part, the realization that most viruses that infect the nasal passages do not induce viral specific inclusions that allow the cytologic diagnosis on a swab. To our knowledge, this paper is the first description of the cytology of the primary site of SARS-CoV-2 infection, the nasal passage. The cytologic changes were indeed dramatic with widespread changes in glandular cells that included pyknosis, degeneration, and loss of cilia. However, these changes are best deemed as nonspecific. A careful and thorough search failed to detect any viral inclusions, even in cells that contained abundant viral RNA or proteins. This suggests that claims of viral inclusions with covid-19 disease \[[@bb0080]\] may, rather, represent nonspecific cytopathic effect.

The immunohistochemistry and in situ hybridization assays described in this paper could provide a rapid, easy to do assay for detecting productive infection from nasopharyngeal swabs. The instrumentation and reagents for immunohistochemistry or the RNAscope for viral RNA are available in any diagnostic pathology laboratory. The test from swab to read-out for the immunohistochemistry test can be completed in less than 3 h. Cytotechnologists and cytopathologists are well trained to review large numbers of such specimens and the process has been partly automated for many years. Given the marked backlog in the current testing methods for SARS-CoV-2 from such specimens (qRTPCR and NGS) \[[@bb0005]\], it would be advantageous for other pathology laboratories to consider developing their own cytology-based assays for SARS-CoV-2. The key technical points in this regard included: 1) fixation in 10% buffered formalin that would immediately inactivate the virus; 2) for immunohistochemistry the use of the Enzo Life Sciences horseradish peroxidase conjugate as this reduced background \[[@bb0035]\], 3) our observation that the in situ hybridization assay tended to yield cleaner results with no background issues suggests trying both assays and deciding which one gives the best signal to noise ratio in your laboratory setting. With regard to the formalin fixation, our protocol initially used overnight fixation. But testing nasopharyngeal swabs after 1 h of fixation in 10% buffered formalin documented a strong signal for proteins such as pan-cytokeratin and, thus, suggests that short fixations would be adequate when developing such assays.
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